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membrane fusion | class III viral fusion protein | prefusion conformation | electron cryotomography | subvolume averaging A lthough nonenveloped viruses have developed ways to escape the endosomal degradation pathway by rupturing and penetrating the respective membranes, entry of enveloped viruses relies on specialized fusogen proteins to help merge the virus membrane with the host membrane (1) . Viral membrane fusion can occur directly with the plasma membrane or, topologically identically, at a specific point out of the endosomal network (2) .
Herpesviruses are enveloped dsDNA viruses with a complex structure (3, 4) . The membrane envelope of herpesviruses is atypically diverse, because it is studded with about a dozen different types of viral glycoproteins (5) . Compared with other viruses, entry of herpesviruses is a complex process mediated by multiple viral glycoproteins and host receptors (6) . For HSV-1, it is well accepted that glycoprotein D (gD), glycoprotein B (gB), glycoprotein H (gH), and glycoprotein L (gL) constitute the fusion machinery, with the latter three being conserved across the entire herpesvirus family. Based on the available crystal structures, it was suggested that gB catalyzes the membrane fusion itself, whereas the heterodimer gH/gL plays a regulatory role (7) (8) (9) (10) (11) .
Viral fusion proteins usually exist on the viral membrane surface in a metastable state, a prefusion conformation, and undergo remarkable structural rearrangements while promoting membrane merging, resulting in an energetically more stable postfusion conformation (12) . Postfusion conformations have been determined by X-ray crystallography for the gB ectodomains from the alphaherpesvirus HSV-1 (10); from the gammaherpesvirus EBV (8) ; and, most recently, from the betaherpesvirus cytomegalovirus (13, 14) . All structures adopt a highly similar "hairpin" conformation, with the two membrane interacting regions [the fusion loops (FLs) and the ectodomain C terminus] located on one end of the protein. The characteristic secondary structure topology, along with the presence of a central trimeric coiled coil, has led to herpesvirus gB being classified as a class III viral membrane fusion protein (15) . In all cases, obtaining the crystal structures required the removal of the transmembrane and cytoplasmic domains of gB, likely causing the protein to adopt a postfusion conformation spontaneously, as observed for other fusion proteins (16, 17) .
Here, we studied full-length HSV-1 gB on cell-derived vesicles using electron cryotomography (cryoET) to characterize its structure in a native membrane and to get possible access to metastable states. Indeed, two forms were observed on the membrane, revealing, in addition to the known trimeric postfusion form, a new shorter and more condensed conformation. Subsequent subvolume averaging of the latter, followed by hierarchical constrained density-fitting of domains unveiled the FLs in this new and likewise trimeric form to be separated and pointing away from the anchoring membrane. These results, combined with previous knowledge, lead Significance Successful host cell infection requires that viruses get various components-most importantly, their genomes-across the bounding membranes into the cytosol. For enveloped viruses, this crucial part of the entry process is achieved by merging the viral membrane with the host membrane, a process mediated by specialized virus-encoded fusion proteins residing on the virus envelope. Accordingly, these surface viral proteins constitute important targets for antiviral treatments as well as for prophylactic vaccine development. Herpesviruses are ubiquitous, opportunistic DNA viruses that have mastered immune system evasion to cause lifelong infections, with intermittent clinical and subclinical viral reactivation. The structural information on an effective glycoprotein B conformation reported here opens up overdue opportunities for targeted interventions in herpesvirus entry. us to propose a revised model for the conformational changes catalyzing membrane fusion.
Results and Discussion
Characterization of Full-Length HSV-1 gB on Extracellular Vesicles. To study full-length HSV-1 gB in a native membrane, it was displayed on cell-derived membrane vesicles. In these extracellular vesicles, proteins are natively anchored with correct topology in genuine biological membranes (18) . Vesicles with full-length HSV-1 gB were collected from the culture medium of adherent mammalian cells at 48 h posttransfection with the gene for HSV-1 gB and then purified by differential centrifugation (details are provided in Materials and Methods), resulting in high yields of vesicles. The specific enrichment and the identity of the proteins incorporated were validated by SDS/PAGE, Western blot analysis (Fig. S1 A-C) , MS using an exponentially modified protein abundance index (emPAI ; Table S1 ), and immunogold labeling (Fig. S1 D and E) . Under denaturing and reducing conditions, gB on the vesicles had an apparent molecular mass of ∼120 kDa, and under seminative conditions, it had an apparent molecular mass of ∼250 kDa (Fig.  S1 ), consistent with the molecular mass observed for mature gB extracted from virions and infected cells (19) . The emPAI not only verified the SDS/PAGE results that HSV-1 gB was the most abundant protein in the vesicle preparation but also, importantly, detected no other integral membrane proteins (Table S1 ). Immunogold labeling using a polyclonal anti-gB Ab readily detected the protein on the vesicle membranes ( Fig. S1 D and E).
Two Trimeric Forms of gB Clearly Differing in Shape and Height Are
Present on Vesicle Membranes. Electron cryomicroscopy (cryoEM) imaging of the gB-enriched vesicles showed that they were mainly spherical and studded with proteins, which appeared as discrete densities (Fig. 1A) . At least two kinds of protein densities of different lengths and shapes were observed, being clearly discernible in cryoET slices ( Fig. 1 B and C) . Together with the MS results, these findings indicated that, for the first time to our knowledge, a conformation other than the postfusion trimer of gB had become amenable to further characterization.
The mean diameter of the vesicles was related to the predominant protein conformation on its surface (Fig. 1D ). The majority (>80%) of the vesicles had a normal distribution of sizes, with a mean diameter of ∼110 nm. On those vesicles, the protein densities were roughly globular, with a height of ∼10 nm.
A smaller fraction of the vesicles (<5%) had a smaller mean diameter, and the protein densities on the surface had a height of ∼16 nm ( Fig. 1 A and B) . On some of the vesicles, both types of densities were found.
Chemical cross-linking was used to determine the oligomeric state of gB on the vesicle membrane. The gB vesicles were incubated with either the membrane-impermeable cross-linker bis [sulfosuccinimidyl] suberate, which has a spacer arm length of 11.4 Å, or the membrane-permeable cross-linkers disuccinimidyl tartrate and 1,5-difluoro-2,4-dinitrobenzene (DFDNB), which have a spacer arm length of 6.4 Å and 3.0 Å, respectively. All three of them cross-link primary amines (and thiol, imidazolyl, and phenolate groups, in the case of DFDNB). A band, corresponding to a gB trimer, was observed for all of the cross-linkers, albeit with different efficiency depending on the cross-linker concentration (Fig. S1C ).
Three-Dimensional Reconstructions of the Two Forms of gB on the Membrane. To characterize the two conformations of gB at higher resolution, we applied cryoET and averaging of tomographic subvolumes (details are provided in Materials and Methods). For both forms, subvolumes were manually picked at the vesicle surfaces. These volumes were then each iteratively aligned and averaged in a reference-free manner with 1,909 (short form) and 395 (long form) subvolumes contributing to the final averages (Figs. S2 and S3). The resulting 3D reconstructions of the short and long forms ( Fig. 2) were determined to have a resolution of 23 Å and 31 Å, respectively, at the 0.143 threshold based on the goldstandard criterion (Fig. S4) . The lower resolution of the long-form reconstruction is likely a result of a considerably smaller dataset. Although the two reconstructions were markedly different (Fig. 2) , both showed clear threefold symmetry with an axis normal to the membrane. This symmetry was already apparent in the early steps of the refinement. During later steps, threefold symmetry was applied (Figs. S2 and S3) .
The short and more condensed form had an ectodomain measuring 10 nm in height and 8 nm in width (Fig. 2 A-C) . It was anchored to the membrane by three densities ∼6 nm apart, forming a tripod (Fig. 2B) , whereas on the inside of the membrane, a central density ∼1.5 nm in height and ∼3 nm in width was observed (Fig. 2C) . The ectodomain had its maximal lateral extension at a height of 4 nm from the membrane. At this height, neighboring trimers contacted each other, forming a pseudolattice ( Fig. S5 ) with variable neighbor occupancies and relative position inconsistencies. Most distal to the membrane were three oblong densities, with their tips pointing away from the membrane in an angle to the bilayer and creating a central cavity between them (Fig. 2 A and B) .
The long-form ectodomain was ∼16 nm in height and was anchored to the membrane through a single central density (Fig. 2 D and E). This form was highly similar in shape to the postfusion crystal structure of gB (8, 10, 13, 14) and the 3D reconstruction of the ectodomain bound to liposomes (20) . This conformation appeared predominantly on the smaller vesicles, indicating that the postfusion form of gB prefers higher curvature, as observed previously on HSV-1 virions (20) . The trimeric postfusion crystal structure could be fitted as one rigid body in the EM map (Fig. 2F) .
Model of gB Short Conformation. To derive the model of the shortform ectodomain, we applied a hierarchical rigid domain-fitting approach based on large ensembles generated by four independent fitting methods. The postfusion crystal structure of HSV-1 gB defined five domains (8, 10, 13, 14) . Domain I is the largest and most distinct in shape, containing the FLs that are vital for inducing membrane merging. It is connected to the globular domain II by two short linkers. To position domain I in the map, we generated independent ensembles using four different global search rigid domain-fitting methods (Fig. S6) . Ranking, clustering, and filtering of these ensembles resulted in two groups of possible orientations for domain I, both at the membrane distal part of the EM map but oriented roughly 180°relative to each other (Fig. S6) . Applying domain II distance constraints allowed us to discard one group of solutions, leaving only those solutions with the FLs pointing away from the membrane (Fig. 3 and Movie S1).
The positioning of domain I most distal to the membrane and the FLs pointing away was unexpected, representing a fundamentally different arrangement from the arrangement found in the membrane-bound postfusion trimer (20) (Fig. 2F ) that presents the molecule in a conformation more prone for interaction with a target membrane.
The most distinct difference between the condensed form of gB and the postfusion one is the FLs between protomers being ∼5 nm apart. Notably, the orientation of domains I and II relative to the threefold symmetry axis between the two conformations is different, thus leading to a different surface of domains I and II being exposed (Fig. 4 and Movie S2). Moreover, glycosylation site N398 is on the surface and directly facing neighboring gB trimers, suggesting that it might be involved in interprotein interactions (Fig. 4 and Fig. S5 ).
Studies of Abs that neutralize HSV-1 infection have identified several antigenic sites on gB (21, 22) . A major antigenic site on gB is on domain II, as is the case for the rhabdovirus glycoprotein (23) . This domain presents an extensive exposed surface in the condensed conformation model, with epitopes for the neutralizing Abs H1781 (residues 454-473) and H1838 (residues 390-410) being exposed. Of particular interest is a recently raised anti-FL2 polyclonal Ab (residues 258-260). Reported data for this Ab indicated that the FLs are accessible on the virus (22) . Although this observation could not be reconciled with the previously available postfusion structure of gB, these data are consistent with the condensed conformation on the membrane with the FL exposed presented here. Taken together, all of the available data on neutralizing Abs mapped to domains I and II, which could not be explained previously on the basis of the gB postfusion structure alone, are consistent with the new conformation of gB described here and support its assignment as a prefusion conformation or an intermediate.
Extensive mutational analyses of HSV-1 gB have been previously reported. Specifically, random linker-insertion mutagenesis (24) and fluorescence protein insertion mutagenesis (25) identified positions of the protein that tolerated insertions, thus permitting processing and transport of mutated gB to the plasma membrane and positions that did not tolerate insertions. All of the reported positions tolerating insertions are on the surface of the condensed gB conformation model (Fig. 4A) . The successful insertion at position A261 of FL2, and its subsequent expression on cell surfaces (24) , is consistent with the FLs being accessible in the metastable state of gB before fusion and in agreement with the antigenic data mentioned above. Furthermore, the two residues I185 and E187 in the β-sheet leading to FL1 are surfaceexposed in the condensed conformation (Fig. 4A) , thus permitting the reported expression of insertion mutations in these positions (24) . However, these residues are buried in the postfusion conformation (Fig. 4B ), making these mutants nonfunctional (24) (i.e., prohibiting the conformational change to the latter). Linker insertions can potentially interfere in any level of protein folding and processing (i.e., secondary structure, tertiary structure, quaternary structure). Of the many positions not tolerating insertions, a few are intriguing because they could not be explained by the postfusion structure alone but can now be explained by the swap in exposed surfaces observed between the two conformations (Fig. 4) . For example, the insertion at position A334 was expected to be tolerated based on the postfusion structure because it is in a big loop on the surface; however, in the condensed form, this loop is much more centrally positioned and faces a helix from an adjacent protomer that, likewise, did not tolerate insertions (positions 193-203) . Together, these experimental data further validate the condensed conformation as relevant and being significantly different in domain topology from the postfusion form.
The core of the gB postfusion conformation is composed of a trimeric coiled coil (domain III) with the long C-terminal arms (domain V) packed against it in an antiparallel manner, a feature that is typical for class I viral fusion proteins (26) . Domain IV is a globular domain located between domains III and V, and it is known to be significantly repositioned between the pre-and postfusion conformations of vesicular stomatitis virus glycoprotein (VSV G) (27) . Domain IV also shows high variability between class III fusion proteins and has intrinsic flexibility (15) . To A B C D R470   A203   F194   A334   D419   N430   N458   T230   N398   A261   I185  Y265   E187 T241   R304   P361   R470   D408   A334  A203  F194   D419   N430   N458   T230   N398   A261   I185   Y265   E187   T2 T2 T2 T T2 T T2 T2 T2 T2 T2 T2 2 2 2  T2 T2 T2 T2 2  T2 T2 2  T2 T T2 T2 T2 T2 2  T2 T2 T2 T2 T2 T2 2  T2 241 41 consider the position of this domain in the map, a large ensemble was again generated, scored, clustered, and filtered (Fig. S8) . The results of these analyses indicated that domain IV is located in the map's central density area (domain IV, colored orange in Fig. 3 ) next to domain II and at the same height from the membrane. However, the specific orientation was not fully conclusive (Fig. S8) . Domain III could not be confidently fitted in our map. Although the limited resolution is a partial cause, the expected substantial refolding of domain III based on the VSV G pre-and postfusion structures presents a major obstacle for placing them in the map. However, because they are expected to form the trimerization interface, they are most likely to be centrally located in the map, a possibility that our model accommodates (Fig. 3 , yellow densities and Movie S1). Finally, because the C terminus of the ectodomain consists of domain V and the as yet structurally uncharacterized highly hydrophobic membrane proximal region, we assigned them to the density forming the tripod (Fig. 3 , red densities and Movie S1). Together, domain fitting and further domain assignments based on connectivity and previous information account very well for the overall volume of the short conformation map.
Comparison Between the Two Conformations of HSV-1 gB and the Pre-and Postfusion Conformations of VSV G. HSV-1 gB is the largest and most complex member of the class III viral fusion proteins (15) . Unlike VSV G, it is part of a multicomponent fusion machinery and its transition from pre-to postfusion conformation is not assumed to be at least solely pH-dependent or reversible on the viral membrane. Despite the functional and structural differences observed between the postfusion forms of gB and VSV G, a comparison between the condensed conformation of gB and the prefusion form of VSV G (27) highlights some common features (Fig. S9) . Both are about two-thirds the height of their postfusion forms but are wider, and the FLs of both are ∼5 nm apart.
Proposed Model for gB Domain Rearrangement During Fusion. The two conformational states of gB in the membrane reported here (Figs. 1 and 2) , combined with previous knowledge, allow us to propose the following mechanism for how conformational changes in gB promote membrane fusion (Fig. 5) . Upon receptor binding to gD, gH/gL triggers a prefusion form of gB to undergo a significant rearrangement. The short conformation reported here, stretching out from the membrane only two-thirds of the height compared with the postfusion form, likely facilitates interaction with the other components of the herpesvirus fusion machinery that share the same approximate height. Assuming that the trimer is preserved throughout the conformational change, the most likely route would be, concomitant to the formation of the coiled-coil core of domain III, a rotation of domain I combined with a petal-like "closing" movement. This movement leads to close proximity of the FLs from all three protomers (from an ∼5 nm pairwise distance to direct contact) and results in the formation of a hydrophobic fusion patch. Elevated by the coiled-coil formation of domain III, this fusion patch would contact the target membrane, which is held in a reachable distance by the receptor interaction of gD, and enable insertion into the outer leaflet of the bilayer (20) (Fig. 5 ), resulting in a gB trimer anchored by the transmembrane region on the viral membrane and with its FLs in the host cell membrane. Formation of the hairpin by zippering of the long arms of domain V along the trimer would conclude the conformational change and complete the membrane merging as suggested for class II viral fusion proteins (28) .
Concluding Remarks. Regardless whether the new conformation described here is a prefusion conformation or an intermediate, it is only the second viral class III protein to be reported as not being in a postfusion conformation (27) , and, to our knowledge, the first to have been determined in detail fully intact and membrane-anchored. Both this context and resolution allowed the orientation of the protein, and, in particular, the position of the FLs to be deduced. This unexpected and crucial insight represents a significant breakthrough in understanding the class III viral fusion protein mechanism, and provides new opportunities for probing new functional interfaces in the complex herpesvirus fusion machinery and for structure-guided approaches to intervene in herpesvirus entry.
Materials and Methods
Vesicle Preparation. Vesicles enriched with HSV-1 gB in the membrane were produced as recently described, with small modifications in the protocol (18, 29) . In brief, baby hamster kidney (BHK-21) cells were transiently transfected with the plasmid for gB [pPEP98 (30) ] using Lipofectamine (Invitrogen). Transfected cells were cultured at 37°C at 5% CO 2 in Glasgow minimum essential medium (GMEM), 20 mM Hepes (pH 7.4), and 2% (vol/vol) tryptose phosphate broth supplemented with 2% (vol/vol) FBS. After 24 h, the culture medium was changed to serum-free medium. Vesicles were collected and purified by differential centrifugation 48 h posttransfection as follows. The medium was collected and cleared from cell debris by centrifugation at 3,000 × g for 20 min and at 4°C; vesicles were then pelleted through a 20% sucrose cushion at 100,000 × g and resuspended after careful removal of any supernatant and wall-adherent material in 25 mM Hepes (pH 7.4) and 130 mM NaCl. The vesicle preparations were independently repeated 15 times, each starting from a fresh tissue culture. For every vesicle preparation, at least two aliquots were analyzed by cryoEM.
Chemical Cross-Linking. Cross-linkers (Pierce) were dissolved to a stock concentration in 0.2 M triethanolamine (pH 8.0) or DMSO. For each reaction, 5 μL of gB vesicle sample was mixed with final concentrations of cross-linker at 5 mM, 2.5 mM, 1.25 mM, and 0 mM (control). Reactions were incubated for 30 min at room temperature and were quenched using SDS/PAGE sample buffer. The results were analyzed by SDS/ PAGE and silver-stained. CryoEM Data Collection and Tomographic Reconstruction. Microscopy was performed at 300 keV using a TF30 "Polara" electron microscope (FEI) equipped with a Quantum postcolumn energy filter (Gatan) operated in zero-loss imaging mode with a 20-eV energy-selecting slit. Images were recorded on a postfilter ∼4,000 × 4,000 K2-summit direct electron detector (Gatan) operated in counting mode with dose fractionation, with a calibrated pixel size of 0.23 nm at the specimen level. Tilt series were collected at 300 keV using SerialEM (31) at defocus ranges of −6 to −3 μm. During data collection, the autofocusing routine was iterated to achieve a very stable defocus through the tilt series with 100-nm accuracy. Tomographic reconstructions were calculated in IMOD using weighted back-projection (32) . Defocus determination and phase flip according to the contrast transfer function were done in IMOD.
Subvolume Averaging. Particle subvolumes were picked manually and aligned and averaged using PEET 1.9 (33) . Gold-standard Fourier shell correlation (FSC) calculation was performed by splitting the dataset into odd and even particles, and applying the same refinement procedure to both independently. The split averages were aligned and masked using a custom mask based on segmentation of the merged average. To avoid correlation between the masks, one average was masked with a hard-edged mask and the other with a soft-edged one. The FSC was calculated using Bsoft (34) .
Details are provided in SI Materials and Methods. A detailed description of the model building protocol is also found in SI Materials and Methods.
